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Summary 

This  report  summarizes  work  performed  by  Science  Applications  International  Corpora¬ 
tion  (SAIC)  in  fulfillment  of  a  contract  with  the  Defense  Advanced  Research  Projects 
Agency.  SAIC’s  partner  in  this  work  was  Lumileds,  a  major  manufacturer  of  high  power 
LEDs.  Since  SAIC  did  not  have  a  contractual  relationship  with  Lumileds  -  which  was 
agreed  to  by  all  parties  at  the  beginning  -  SAIC’s  performance  on  some  tasks  was  ulti¬ 
mately  limited  by  Lumileds’  cooperation. 

One  task  was  to  investigate  novel  coatings  that  could  protect  and  improve  the  perform¬ 
ance  of  light  emitting  diodes  (LEDs).  SAIC’s  technical  strength  in  coatings  is  an  alumina 
coating  deposited  by  a  physical  vapor  deposition  technique  called  ion  beam  assisted 
deposition  (IBAD).  Lumileds  defined  a  problem  of  interest  to  be  prevention  of  corrosion 
on  the  submount  of  an  LED  die.  SAIC  designed  and  built  fixturing  to  handle  Lumileds’ 
LED  wafers,  then  coated  samples.  The  coating  process  yielded  dies  with  a  strongly  ad¬ 
hered  alumina  coating  that  was  unaffected  by  solvents,  fiimace  firing,  and  thermal  shock. 
The  last  batch  of  dies  coated  in  2005  showed  the  same  protective  properties  as  well  as  no 
loss  in  electrical  or  light  emission  properties,  according  to  accounts  of  testing  performed 
by  Lumileds.  Unfortunately  this  early  success  was  not  pursued  because  Lumileds  un¬ 
derwent  a  change  in  ownership  around  July  2005,  during  which  it  suspended  its 
collaboration  with  SAIC.  By  the  time  Lumileds  was  ready  to  resume  the  collaboration  in 
May  2006,  it  had  already  solved  the  corrosion  problem  by  other  means. 

Another  task  was  to  investigate  methods  to  improve  the  stability  and  performance  of  a 
phosphor  coating  on  an  LED  die.  One  of  Lumileds’  products  is  a  white  light  LED  that 
consists  of  a  blue  die  with  a  yellow  phosphor.  The  phosphor  coating  is  a  relatively  thick 
coating  consisting  of  phosphor  particles  embedded  in  a  silicone  binder.  The  goal  of  this 
task  was  to  find  a  phosphor  that  could  function  within  an  alumina  coating.  Our  consult¬ 
ant’s  analysis  revealed  that  the  fundamental  physics  of  phosphor  emission  severely  limits 
the  number  of  potential  candidates.  We  found  that  commercial  phosphor  powders  with 
high  quantum  efficiency  are  too  large  to  embed  in  an  alumina  coating.  We  synthesized  a 
nanoscale  yellow  phosphor  when  no  vendor  could  be  found.  Unfortunately  that  phosphor 
yielded  poor  quantum  efficiency.  In  the  end  we  failed  to  develop  a  method  to  improve 
phosphor  performance  on  an  LED  die,  albeit  with  a  modest  effort  in  exploring  other 
phosphor  possibilities. 

The  final  task  was  to  develop  original  designs  that  could  improve  the  external  quantum 
efficiency  of  LEDs.  SAIC’s  strength  is  this  area  is  a  proprietary  nonimaging  optics  code. 
In  consultation  with  Lumileds,  SAIC  developed  designs  for  five  different  optical  ele¬ 
ments  that  collect  and  project  light  from  a  LED.  The  simulations  showed  that  the  designs 
achieve  a  significant  improvement  in  performance  compared  to  Lumileds  original  dome 
design. 


Task  Results 


Task  1.  Deposit  and  evaluate  coatings  on  bare  LED  dies  without  phosphor  supplied  by 
Lumileds:  Non-functional  dies 

Prior  to  the  start  of  the  contract  we  anticipated  that  Lumileds  would  have  non- functional 
dies  that  SAIC  could  use  to  perform  preliminary  optimization  of  the  coating  process.  As 
it  happened,  Lumileds  decided  to  supply  only  functional  dies;  therefore  this  task  was  im¬ 
mediately  bypassed. 


Task  2.  Deposit  and  evaluate  coatings  on  bare  LED  dies  without  phosphor  supplied  by 
Lumileds:  Functional  dies 


On  November  24,  2004  SAIC  received  from  Lumileds  three  diced  wafers,  for  a  total  of 
12  samples.  Two  of  the  wafers  had  a  circuit  element  bonded  next  to  the  flip  chip  (style 
B).The  third  wafer  lacked  the  extra  element  and  contact  pads  around  the  edge  of  the  wa¬ 
fer  (style  A). 


Figure  I.  Two  samples  of  each  ‘style  ’  of  diced  LED  wafer  received  from 
Lumileds.  Style  B  has  electrical  pads  on  its  front  surface  to  light  individual 
LEDs.  The  style  A  sample  on  the  right  has  only  back  surface  pads. 

At  the  kick  off  meeting  on  November  8,  2004,  Scott  Kem  said  he  was  interested  to  have 
an  alumina  coating  deposited  to  protect  the  submount  from  corrosion.  The  flip  chips  are 
bonded  above  the  submount  with  a  small  gap  underneath.  While  most  of  the  submount  is 
exposed  when  a  sample  is  mounted  normal  to  the  deposition  beam,  regions  around  the 
base  of  the  flip  chip  could  be  shadowed.  The  reason  is  that  the  alumina  evaporant  follows 
a  line-of-sight  path  from  source  to  substrate.  To  achieve  better  coverage  around  the  base, 
we  built  a  fixture  that  holds  a  sample  at  angle  with  respect  to  the  evaporation  source.  The 
angle  can  be  varied  from  0°  to  90°.  Based  on  the  packing  density  of  flip  chips  on  a  sub¬ 
mount,  we  estimate  that  the  optimal  angle  is  between  20°  and  40°.  To  further  increase 
coating  uniformity,  we  included  sample  spinning. 
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Figure  2.  View  inside  coating  chamber  looking  down  at  fixtures  built  to  coat 
LED  samples.  The  horizontal  bar  across  the  middle  suspends  three  fixtures  that 
hold  samples  at  an  angle  with  spinning.  The  three  angles  set  are  40°,  30°,  and 
20°,  left  to  right  respectively.  The  two  circles  beneath  the  fixtures  are  holes  in  a 
panel  to  pass  the  evaporant  beam  from  below.  A  window  to  look  into  the  chamber 
is  located  at  the  top  left  of  the  picture. 

Two  coating  runs  were  performed  on  6Dec04  and  9Dec04  using  the  new  fixture. 

Two  samples  of  style  A  were  coated  in  the  first  run,  and  two  samples  of  style  B  in  the 
second  run.  A  third  sample  of  style  B  was  loaded  in  the  chamber  during  9Dec04  and  left 
uncoated  as  a  control. 

Coating  Run  6Dec04 

Two  samples  of  a  style  A  wafer  were  coated  with  alumina  by  ion  beam  assisted 
deposition  (IB AD): 


Sample  ID 

Deposition  Rate 

Coating  Thickness 

Mounting  Angle 

6Dec04PI 

1.9  nm/s 

3150  nm 

20° 

6Dec04P2 

1.9  nm/s 

2250  nm 

40° 

The  most  important  variables  in  the  process  are  the  deposition  rate  of  alumina  and 
the  ion  source  parameters.  These  parameters  were  set  based  on  a  ‘recipe’  developed 
several  years  ago  for  coating  advanced  solar  reflective  materials.  For  that  contract  the 
alumina  coating  protected  silver  from  tarnishing.  The  optimal  recipe  for  protection  of  a 
LED  submount  might  be  different.  For  example,  the  solar  reflective  material  was  a  flat 
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sheet,  whereas  the  LED  samples  have  surface  texture.  To  take  this  into  account  we 
mount  the  samples  at  a  skewed  angle  in  the  coating  chamber.  The  nominal  deposition 
rate  and  thickness  are  stated  for  a  surface  with  normal  incidence  to  the  evaporant  beam, 
but  the  actual  rate  and  thickness  will  depend  on  the  local  geometry  of  the  surface  texture. 
If  the  sample  surface  were  flat,  the  coating  thickness  would  be  1080  nm  and  1450  nm  for 
samples  PI  and  P2,  respectively.  An  additional  complexity  is  that  the  ion  source  is  inci¬ 
dent  at  an  angle. 

The  alumina  coating  is  transparent  and  thin.  By  eye,  the  only  indication  of  its  presence  is 
a  slightly  darker  color  in  coated  regions  compared  to  the  uncoated  edge  where  the  sub¬ 
mount  was  masked.  Under  an  optical  microscope  at  lOOx  power  the  coating  is  not  visible. 

Fire  sample  6Dec04Pl  in  tube  furnace 

As  a  first  test,  sample  6Dec04Pl  was  progressively  heated  in  a  tube  furnace  according  to 
the  following  protocol: 


Step 

Temperature  [°C] 

Time  [minutes] 

1 

250 

5 

2 

350 

15 

425 

15 

The  coated  side  of  the  sample  showed  no  effect  from  this  treatment.  However,  the 
uncoated  backside  showed  discoloration  after  heating  to  425°C.  Sample  6Dec04P2  was 
heated  to  155°C  and  showed  no  effect. 

Both  samples  were  evaluated  for  functional  LEDs  using  a  current  limited  power 
supply  set  to  3  volts  and  100  mA.  Since  the  style  A  wafer  lacks  contact  pads  on  its  front 
surface,  we  built  a  simple  test  gig  to  make  electrical  contact  one  row  at  a  time  on  the 
backsurface.  For  sample  6Dec04P2  whole  rows  light  as  brightly  as  an  uncoated  control. 
For  sample  6Dec04Pl,  whole  rows  light,  but  the  LEDs  are  dimmer  than  an  uncoated  style 
A  sample. 

Coating  Run  9Dec04 

Three  samples  of  a  style  B  wafer  were  loaded  in  the  coating  chamber,  but  only  two 
were  coated  with  alumina  by  IB  AD: 


Sample  ED 

Deposition  Rate 

Coating  Thickness 

Sample  Mounting 
Angle 

9Dec04Pl 

1.9  nm/s 

4500  nm 

20° 

9Dec04P2 

1.9  nm/s 

7200  nm 

40° 

The  samples  were  evaluated  for  functional  LEDs  using  a  current  limited  power 
supply  set  to  3  volts  and  100  mA.  The  samples  were  not  baked  prior  to  testing.  The  style 
B  wafer  does  not  require  a  gig  to  test  for  LED  functionality  because  front  surface  contact 
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pads  are  present.  A  single  LED  is  addressed  by  contacting  its  respective  row  and  column 
pads.  For  sample  9Dec04Pl  80%  of  the  LEDs  light  as  brightly  as  an  uncoated  style  B 
sample,  10%  light  but  are  dimmer,  and  10%  partially  light.  Partial  lighting  is 
characterized  by  only  one  or  two  of  the  three  ‘zones’  lighting  on  a  single  LED. 

For  sample  9Dec04P2  a  significant  degradation  of  its  electrical  characteristics 
occurred.  When  a  pair  of  row  and  column  pads  are  contacted,  multiple  LEDs  light 
instead  of  just  one.  Those  LEDs  protected  by  a  mask  from  coating  light  as  a  complete 
row,  whereas  those  that  are  coated  light  either  whole  or  partial  rows  or  columns, 
depending  on  the  particular  pair  of  pads  contacted.  Either  due  to  degradation  or 
spreading  of  the  available  power  across  multiple  LEDs,  the  LEDs  on  9Dec04P2  were  also 
dimmer. 

The  uncoated  control  sample  that  was  loaded  into  the  chamber  showed  some 
darkening  where  its  surface  was  not  masked.  Its  LEDs  light  brightly. 

Coating  Run  23Dec04 

The  purpose  for  this  run  was  to  explore  whether  it  is  better  for  the  LEDs  to  be  electrically 
isolated  from  or  shorted  to  ground  during  deposition.  This  could  be  important  because 
the  deposition  process  uses  an  ion  beam.  Two  samples  were  mounted  on  aluminum 
blocks  that  are  connected  to  chamber  ground.  The  LED  pads  on  the  sample  at  Position  1 
were  electrically  shorted  out  to  the  block  using  silver  paint.  The  LED  pads  at  Position  2 
were  electrically  isolated  from  the  block  using  Kapton  tape.  Both  samples  were  indi¬ 
vidually  coated  with  alumina  by  ion  beam  assisted  deposition  (IBAD). 

The  ion  source  was  operated  on  a  mixture  of  argon  and  a  proprietary  gas.  Compared  to 
previous  runs,  the  ion  beam  power  was  reduced  by  a  factor  of  sin(40°)  to  account  for  the 
reduced  deposition  rate  when  a  surface  is  held  at  an  angle  during  deposition. 

A  piece  of  glass  slide  was  used  to  mask  a  portion  of  each  sample.  After  deposition  the 
thickness  of  the  coating  on  the  slide  was  measured  by  fitting  the  optical  transmission. 


Sample  ID 

Deposition  Rate 

Coating  Thickness 

Sample  Mounting  Angle 

23Dec04Pl 

2  nm/s 

2  pm 

o 

o 

23Dec04P2 

2  nm/s 

2  |im 

o 

o 

Unexpectedly,  the  silver  paint  tightly  bonded  sample  23Dec04Pl  to  the  aluminum  block. 
It  had  to  be  soaked  in  acetone  to  break  it  free.  The  flip  chip  side  of  the  sample  showed 
contamination  with  small  particles,  as  viewed  under  an  optical  microscope  at  50x.  The 
LEDs  on  this  sample  were  tested  one  at  a  time  using  a  current  limited  power  supply  (3 
volts  and  0.1  amps).  All  the  LEDs  light  and  draw  the  full  current,  however,  in  some 
cases,  more  than  one  LED  lights,  which  suggests  shorting  between  LEDs.  This  might 
have  been  caused  by  the  silver  paint  not  being  completely  removed  after  coating,  or  an 
electrical  overload  caused  by  the  ion  source  during  deposition. 


Sample  23Dec04P2  was  mounted  without  silver  paint.  The  flip  chip  side  is  clean  and 
free  of  particles.  The  coating  is  most  clearly  distinguished  at  the  transition  between 
coated  and  uncoated  regions.  The  coating  itself  appears  glassy,  and  successfully  covers 
the  submount  and  gold  electrical  traces.  The  coated  submount  appears  slightly  darker 
colored  than  bare  submount. 

One  thing  we  noticed  using  an  optical  microscope  is  an  appearance  of  granularity  on  the 
underside  of  many  flip  chips.  The  effect  is  not  perfectly  correlated  with  the  alumina  coat¬ 
ing,  but  more  coated  flip  chips  show  granularity  than  do  uncoated  ones.  In  figure  3 
granularity  is  evident  on  the  left  hand  side  flip  chip  compared  to  the  right  hand  side  one. 
In  the  four  vertical  bands  under  the  flip  chip,  there  is  increased  scattering  of  light.  The 
bright  spot  of  light  located  in  the  second  band  from  the  left  is  not  due  to  granularity.  In¬ 
stead  this  is  caused  by  a  dimple  in  the  top  surface,  possibly  caused  when  the  flip  chip  was 
mounted.  Although  not  evident  here,  it  is  evident  in  SEM  images. 


Figure  3.  Video  still  frame  of  sample  23Dec04P2.  The  vertical  line  down  the 
middle  is  the  transition  between  the  coated  region  on  the  left  and  the  uncoated 
region  on  the  right.  Each  flip  chip  has  four  bands  that  light.  The  coated  flip 
chip  shows  increased  underside  granularity  compared  with  the  uncoated  flip 
chip. 


Electrical  testing  of  23Dec04P2 

All  of  the  LEDs  on  sample  23Dec04P2  light  and  draw  0. 1  amps. 

Coating  Run  28Dec04 

The  purpose  for  this  run  was  to  investigate  the  use  of  oxygen  as  the  ion  source  feed  gas 
instead  of  the  proprietary  gas.  The  motivation  for  this  change  was  that  the  coating  on  the 
glass  slide  in  the  previous  run  was  slightly  tinted,  which  suggested  incomplete  oxidation. 

Two  samples  of  a  Style  B  wafer  were  mounted  onto  the  aluminum  blocks  using  Kapton 
tape  for  electrical  isolation.  A  piece  of  glass  slide  was  used  to  mask  a  portion  of  each 
sample  from  coating.  Later  the  coating  thickness  on  the  glass  slide  was  measured  by  fit¬ 
ting  the  optical  transmission  spectrum. 


6 


Sample  ID 

Deposition  Rate 

Coating  Thickness 

Sample  Mounting  Angle 

28Dec04Pl 

2  nm/s 

2  pm 

O 

o 

28Dec04P2 

<  2  nm/s 

3  pm 

o 

o 

Under  an  optical  microscope,  both  samples  appeared  clean  with  a  glassy  alumina  coating. 

Electrical  testing  of  28Dec04P2 

All  of  the  LEDs  on  sample  P2  were  tested  using  a  current  limited  power  supply.  All  of 
the  uncoated  LEDs  draw  0. 1  amps  and  appear  by  eye  to  light  brightly.  The  coated  LEDs 
vary  in  their  current  draw  from  70  to  100  milliamps,  with  the  majority  drawing  70  mA 
amps  and  lighting  less  brightly. 

Fire  sample  28Dec04Pl  in  tube  furnace 

Sample  PI  was  subjected  to  firing  in  a  tube  furnace  open  to  air  according  to  the  protocol: 


Step 

Temperature  [°C] 

Time  [minutes] 

1 

250 

6 

2 

350 

15 

3 

420 

15 

After  Step  1  the  sample  was  inspected  under  an  optical  microscope  (50x).  The  coating 
showed  no  damage.  About  20%  of  the  LEDs  were  retested,  and  all  appeared  to  light 
brightly  by  eye.  After  Step  2  all  of  the  LEDs  were  retested.  All  lit,  but  none  as  brightly 
as  after  Step  1 .  Some  LEDs  were  initially  bright  then  dimmed  after  a  moment.  Again, 
the  coating  showed  no  damage.  After  Step  3  the  sample  was  quickly  pulled  from  the  fur¬ 
nace  to  maximize  the  thermal  shock.  The  sample  cooled  from  420°C  to  100°C  in  about 
30  seconds.  Again,  the  coating  showed  no  sign  of  flaking  or  cracking.  All  the  LEDs 
continued  to  light  individually,  but  still  dimmer  than  after  Step  2.  All  of  the  LEDs  drew 
less  than  10  mA  amps  at  3  volts.  Some  of  the  LEDs  light  fewer  than  the  four  ‘bands’ 
present  on  each  flip  chip. 

SEM  Analysis  of  28Dec04Pl -after  furnace  firing 

Sample  28Dec04Pl  was  analyzed  using  the  SEM  at  SAIC-  after  the  sample  had  been 
through  the  furnace  firing  protocol.  Figure  4  is  a  broad  view  of  the  sample  using  the 
lowest  magnification  available.  The  distorted  view  is  due  to  the  low  magnification.  A 
matrix  (four  columns  wide  and  three  rows  deep)  of  flip  chips  is  visible.  Three  electrical 
contact  pads  for  the  wafer  are  visible  at  the  bottom  of  the  image.  The  entire  region  of  the 
sample  in  the  image  has  been  sputtered  coated  with  gold  to  prevent  beam  charging.  The 
two  columns  on  the  right  were  coated  with  alumina,  the  two  columns  on  the  left  are  un¬ 
coated.  The  remarkable  difference  between  the  two  is  that  the  gold  electrical  traces  in  the 
uncoated  region  show  a  bright  contrast  against  the  darker  insulating  submount.  The  rea¬ 
son  for  the  contrast  is  that  the  alumina  coating  is  electrically  insulating  and  it  lowers  the 
secondary  electron  emission  from  the  underlying  gold  traces.  The  absence  of  bright  con- 
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trast  on  the  right  two  columns  of  flip  chips  is  evidence  that  the  alumina  coating  has  uni- 

formly  an1H  frarpc 


Figure  4.  SEM  view  of  sample  28Dec04Pl-  after  furnace  firing. 


Figure  5  is  a  closer  view  at  the  border  between  uncoated  and  alumina  coated  regions. 

The  uncoated  region  was  masked  by  a  glass  slide  during  deposition,  as  were  the  electrical 
contacts  at  the  bottom. 


Figure  5.  Closer  view  of  border  between  uncoated  and  alumina  coated  re¬ 
gions. 
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Figures  6  and  7  compare  the  comers  of  flip  chips  that  were  uncoated  and  coated  with 
alumina. 


Figure  6.  Corner  of  flip  chip  in  region  uncoated  with  alumina. 


Figure  7.  Corner  of  flip  chip  in  region  coated  with  alumina. 


Figures  8  and  9  show  a  gold  trace  that  is  coated  with  alumina  at  the  top,  but  uncoated  at 
the  bottom.  A  glass  slide  was  used  to  mask  the  wafer  prior  to  alumina  coating.  These 
figures  show  that  the  alumina  coating  remains  strongly  bound  to  the  trace  and  submount- 
even  after  having  been  fired  to  420°C. 
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Figure  8.  View  of  gold  trace  partially  coated  with  alumina.  The  bottom  por¬ 
tion  of  the  trace  was  masked  by  a  glass  slide  during  alumina  deposition.  The 
fragments  of  alumina  coating  present  at  the  border  were  created  when  the 
glass  slide  was  torn  away  from  the  wafer. 


Figure  9.  Detail  from  Figure  6  over  gold  trace.  The  alumina  coating  extends 
from  the  top  of  the  frame  to  the  middle.  The  horizontal  band  in  the  middle  of 
the  frame  is  a  cross  sectional  view  of  the  alumina  coating  where  it  was  turned 
up  in  contact  with  the  glass  slide  mask.  The  coating  is  two  microns  thick. 
Even  after  having  been  fired  to  420°C,  the  alumina  coating  remains  well  ad¬ 
hered  to  the  gold  trace. 
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After  the  sample  had  been  sputter  coated  with  gold,  a  flip  chip  was  removed  from  a  re¬ 
gion  that  was  alumina  coated.  Figure  10  shows  that  a  high  contrast  “shadow”  remains 
where  the  flip  chip  is  missing.  This  is  evidence  that  the  alumina  coating  does  not  extend 
beneath  the  flip  chip.  This  is  expected  because  the  alumina  coating  deposition  follows  a 
line-of-sight  path,  and  the  flip  chip  masks  the  region  beneath  itself. 


Figure  10.  The  flip  chip  has  been  removed  to  reveal  a  bright  contrast  shadow. 


Thermal  shock  test  of  28Dec04Pl 

The  sample  28Dec04Pl  was  tested  for  resistance  of  the  alumina  coating  to  thermal  shock. 
The  sample  had  already  been  furnace  fired  and  sputter  coated  with  gold.  The  thermal 
shock  test  consisted  of  plunging  the  whole  sample  into  a  cup  of  liquid  nitrogen,  waiting 
until  bubbling  stopped,  removing  the  sample  from  the  cup,  placing  it  in  a  ziplock  bag, 
and  waiting  until  it  warmed  to  room  temperature.  This  sequence  of  steps  was  repeated 
four  times.  (The  purpose  of  the  ziplock  bag  was  to  minimize  water  condensation  on  the 
cold  sample  while  it  warmed.)  Then  the  sample  was  viewed  using  the  SEM.  The  result 
was  that  the  alumina  coating  remained  fully  adhered,  with  no  sign  of  damage.  Figure  1 1 
is  a  low  magnification  view  of  coated  and  uncoated  regions.  The  darker  contrast  in 
coated  regions  is  evidence  that  the  alumina  coating  remains  in  place. 
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Figure  11.  View  of  sample  28Dec04Pl  after  thermal  shock  test.  The  test  con¬ 
sisted  of  rapidly  cycling  the  sample  from  room  temperature  to  liquid  nitrogen 
four  times.  The  lack  of  bright  contrast  on  the  electrical  traces  around  the  two 
columns  of  flip  chips  on  the  right,  which  were  coated  with  alumina,  is  evi¬ 
dence  that  the  alumina  coating  remains  in  place. 


Coating  Run  19Jan05 

The  purpose  for  this  run  was  to  explore  whether  it  is  better  for  the  LEDs  to  be  electrically 
isolated  from  or  shorted  to  ground  during  deposition.  This  could  be  important  because 
the  deposition  process  uses  an  ion  beam.  Two  samples  were  mounted  on  aluminum 
blocks  that  are  connected  to  chamber  ground.  The  LED  pads  on  the  sample  at  Position  1 
were  electrically  shorted  out  to  the  block  using  silver  paint.  The  LED  pads  at  Position  2 
were  electrically  isolated  from  the  block  using  Kapton  tape.  Both  samples  were  indi¬ 
vidually  coated  with  alumina  by  ion  beam  assisted  deposition  (BBAD). 

A  piece  of  glass  slide  was  used  to  mask  a  portion  of  each  sample.  After  deposition  the 
thickness  of  the  coating  on  the  slide  was  measured  by  fitting  the  optical  transmission. 


Sample  ID 

Deposition  Rate 

Coating  Thickness 

Sample  Mounting  Angle 

23Dec04Pl 

2  nm/s 

2  pm 

40° 

23Dec04P2 

2  nm/s 

2  pm 

40° 

Electrical  testing  of  23Dec04P2 

All  of  the  LEDs  on  sample  23Dec04P2  light  and  draw  0. 1  amps. 

Coating  Run  28Dec04 
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The  purpose  for  this  run  was  to  investigate  the  use  of  oxygen  as  the  ion  source  feed  gas 
instead  of  the  proprietary  gas.  The  motivation  for  this  change  was  that  the  coating  on  the 
glass  slide  in  the  previous  run  was  slightly  tinted,  which  suggested  incomplete  oxidation. 

Two  samples  of  a  Style  B  wafer  were  mounted  onto  the  aluminum  blocks  using  Kapton 
tape  for  electrical  isolation.  A  piece  of  glass  slide  was  used  to  mask  a  portion  of  each 
sample  from  coating.  Later  the  coating  thickness  on  the  glass  slide  was  measured  by  fit¬ 
ting  the  optical  transmission  spectrum. 


Sample  ID 

Deposition  Rate 

Coating  Thickness 

Sample  Mounting  Angle 

28Dec04Pl 

2  nm/s 

2  pm 

40° 

28Dec04P2 

<  2  nm/s 

3  pm 

o 

o 

Electrical  testing  of  28Dec04P2 

All  of  the  LEDs  on  sample  P2  were  tested  using  a  current  limited  power  supply.  All  of 
the  uncoated  LEDs  draw  0.1  amps  and  appear  by  eye  to  light  brightly.  The  coated  LEDs 
vary  in  their  current  draw  from  70  to  100  milliamps,  with  the  majority  drawing  70  mA 
amps  and  lighting  less  brightly. 


Summary  of  LED  Dies  Coated  in  March/April  2005 

Lumileds  supplied  to  SAIC  12  new  samples  for  coating  on  February  23,  2005.  The  sam¬ 
ples  were  half  of  a  whole  Type  B  wafer,  or  l”x2”  in  size.  Since  the  new  samples  were 
twice  as  large  as  the  previous  samples,  we  fabricated  two  new  holders  from  machinable 
ceramic.  The  purpose  for  the  ceramic  holder  was  to  electrically  isolate  the  LEDs  from 
ground  during  deposition.  The  new  holders  were  large  enough  to  accommodate  a  whole 
wafer.  For  these  runs  a  blank  piece  of  glass  slide  was  mounted  next  to  the  sample  as  a 
witness.  After  deposition  the  thickness  of  the  coating  on  the  slide  was  measured  by  fit¬ 
ting  the  optical  transmission. 


Summary  of  samples  coated  in  2005 


SAIC 
Sample  ID 

Coating 

Thickness 

Lumileds  ID# 

Comment 

15Mar05Pl 

1.8  pm 

050114-26 

15Mar05P2 

1.8  pm 

050114-26  Top 

17Mar05Pl 

3.4  pm 

050114-32 

17Mar05P2 

4.6  pm 

0501 14-32  Top 

Reduced  %T  in  blue 

21Mar05Pl 

2.1  pm 

050114-30 

Reduced  %T  in  blue 

21Mar05P2 

1.7  pm 

050114-30  Top 

24Mar05Pl 

1.7  pm 

050114-29 

24Mar05P2 

1.7  pm 

0501 14-29  Top 

28Mar05Pl 

2.0  pm 

0501 14-28  Top 

28Mar05P2 

2.6  pm 

050114-28 

2April05Pl 

0.7  pm 

050114-27  Top 

2April05P2 

2.6  pm 

050114-27 

Coating  flaking  on  flip  chip 

On  April  7,  2005  Russell  Smilgys  delivered  12  half  wafers  (Type  B)  coated  with  alumina 
to  Lumileds.  Xina  Quan  reported  that  of  the  four  wafers  she  tested,  all  showed  only  mi¬ 
nor  changes  in  performance.  Her  employment  ended  at  Lumileds  before  she  could  test 
all  of  the  coated  wafers.  Scott  Kem  reviewed  the  data  and  decided  that  further  evaluation 
of  the  alumina  coating  as  a  protective  barrier  was  warranted. 

About  May  2005  Scott  Kem  stopped  responding  to  phone  calls  and  messages.  SAIC 
later  learned  that  Lumileds  was  acquired  by  Philips  Lighting  and  that  Scott  was  instructed 
to  suspend  his  interaction  with  SAIC.  SAIC  placed  Task  2  into  suspension  while 
Lumileds  completed  its  change  in  ownership.  Scott  finally  reported  in  April  2006  that  he 
was  ready  to  resume  the  interaction  with  SAIC,  however,  in  the  mean  time  Lumileds  had 
solved  the  problem  of  corrosion  of  the  LED  submount-the  motivation  for  the  task  in  the 
first  place.  The  new  technical  point  of  contact  assigned  by  Scott  was  unable  to  identify  a 
new  problem  that  novel  coatings  could  address,  so  no  further  work  was  done  on  this  task. 


Task  3.  Evaluate  effectiveness  of  dielectric  coating  to  stabilize  the  performance  of 
LEDs  with  respect  to  harsh  environmental  exposure  -  with  phosphor 
The  anticipated  scope  for  this  task  included  development  of  a  coating  process  able  to  em¬ 
bed  phosphor  particles  into  the  BB  AD  alumina  coating.  The  outline  for  the  task  was  as 
follows: 

e.  Develop  coating  process  at  SAIC  to  embed  phosphor  into  alumina  coating 

1.  Co-evaporate  alumina  and  YAG:Ce  and/or  other  phosphor  system 
onto  sapphire  substrates 

2.  Evaluate  the  coating  at  SAIC: 

i.  Perform  compositional  analysis 

ii.  Measure  spectral  output  of  embedded  phosphor  coating  under 
appropriate  illumination 

f  If  successful,  co-evaporate  and  deposit  alumina  and  YAG:Ce  phosphor 
onto  functional  LEDs 

g.  Evaluate  optical  performance  of  coated  dies  at  SAIC 

h.  Deliver  coated  dies  to  Lumileds  for  optical  and  environmental  evaluation 

SAIC  hired  the  consultant  Dr.  William  Krupke  to  scope  out  in  detail  the  physics  of  the 
problem  and  identify  potential  solutions.  Dr.  Krupke  was  formerly  Deputy  Associate  Di¬ 
rector  at  Lawrence  Livermore  National  Laboratory  (LLNL)  for  20  years.  At  LLNL  he  co¬ 
founded  the  Laser  Directorate  and  was  responsible  for  the  development  and  execution  of 
the  Laboratory’s  Inertial  Confinement  Fusion  (ICF)  and  Atomic  Vapor  Laser  Isotope 
Separation  (AVLIS)  national  R&D  programs.  Since  he  left  LLNL  in  1999  he  has  been  a 
full  time  consultant  to  high-growth  start-up  companies,  including  Novalux,  Crystal 
Photonics,  and  Photera. 

We  had  Dr.  Krupke  investigate  the  feasibility  of  item  e.  and  review  the  literature  to  de¬ 
termine  if  a  solution  might  already  have  been  reported.  He  delivered  an  eight  page  report. 
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Here  is  a  summary  of  his  results  and  recommendations.  His  full  report  may  be  found  in 
Appendix  A. 

Three  approaches  to  solving  item  e.  were  investigated:  1.  Direct  ion  doping  of  alumina 
films  for  yellow  phosphor  fiinctionality,  2.  Embedding  Ce:YAG  phosphor  particles  in 
alumina  thin  films,  3.  Embedding  other  blue-absorbing,  yellow-emitting  phosphor  parti¬ 
cles  in  alumina  thin  films. 

Approach  1 

The  first  approach  would  be  the  most  desirable  because  the  doped  ion  would  be  co¬ 
evaporated  with  the  alumina.  A  difficult  constraint  on  this  approach  is  that  the  alumina 
coating  is  relatively  thin.  It  is  not  practical  to  deposit  an  alumina  coating  more  that 
10,000  nm  thick,  so  the  doping  and  conversion  efficiency  of  the  ion  would  need  to  be 
high.  Krupke  showed  that  the  peak  absorption  transition  cross-section  would  need  to  be 
no  less  than  10'*^  cm^,  assuming  a  maximum  ion  doping  density  of  10^'  cm'^.  Transition 
metal  d-d  transitions  meet  this  condition;  however,  a  review  of  the  literature  found  that 
none  of  the  transition  metal  ions  known  to  fluoresce  in  an  alumina  host  possess  appropri¬ 
ate  absorption  and  emission  features.  Rare  earth  f-d  transitions  are  also  strong  enough. 
Two  candidate  dopants  are  Ce^^  and  Eu^^.  Again,  a  review  of  the  literature  found  that 
these  two  ions  also  have  the  wrong  absorption  and  emission  features  in  an  alumina  host. 
In  summary.  Dr.  Krupke  was  unable  to  identify  any  candidate  ion  for  direct  embedding  in 
an  alumina  film  that  would  meet  the  necessary  criteria  for  a  practical  alumina  phosphor 
that  efficiently  emits  yellow  radiation  when  excited  by  a  blue  LED.  This  approach  was 
dropped. 

Approach  2 

The  second  approach  is  to  embed  Ce:YAG  phosphor  particles  in  an  alumina  coating. 
There  are  precedents  for  this  type  of  phosphor  particle  embedding  so  it  is  a  more  promis¬ 
ing  approach.  Dr.  Krupke  believes  phosphor  particles  on  the  order  of  100  to  1000  nm  in 
size  can  be  loaded  with  a  sufficient  density  of  Ce^^  to  meet  the  goal.  The  simplest  imple¬ 
mentation  would  be  to  build  up  a  multilayered  coating  consisting  of  layer  of  “sprinkled” 
phosphor  particles,  followed  by  a  layer  of  alumina,  and  so  on.  To  attempt  this  approach 
SAIC  would  need  a  supply  of  nanoparticle  Ce:YAG  phosphor. 

As  a  first  step  we  acquired  samples  of  two  yellow  phosphors  from  Phosphor  Technology 
in  the  smallest  particle  size  offered. 


PTL  GRADE 

CHEMICAL 

COMPOSITION 

cm  COLOUR 
COORDINATES 

MEDIAN  PARTICLE 
SIZE  (MICRON) 

QMK58/N-C1 

Y3Al50i2:C6 

0.412 

0.544 

8.0 

QMK58/F-C1 

Y3Al50i2’Ce 

0.412 

0.544 

3.5 

We  built  a  test  stand  to  measure  the  emission  from  these  phosphors  under  pumping  by 
blue  LEDs  with  emission  centered  at  430  nm  and  460  nm.  Figure  12  shows  the  emission 


spectra  for  phosphor  QMK58/FC1  pumped  by  the  460  nm  LED.  The  thickness  of  the 
phosphor  layer  was  adjusted  to  allow  some  of  the  pump  beam  to  transmit. 


Figure  12.  Transmission  spectrum  ofYAG.Ce  phosphor  pumped  by  460  nm  LED.  The 
thickness  of  the  phosphor  layer  was  adjusted  to  allow  some  of  the  pump  beam  to  transmit. 

While  these  commercial  phosphor  exhibit  excellent  quantum  efficiency,  they  are  not 
practical  to  embed  in  an  alumina  coating.  The  reason  is  that  the  maximum  practical 
thickness  for  an  alumina  coating  is  only  6  microns,  which  is  too  thin  to  cover  and  seal 
particles  that  are  almost  as  large  or  larger.  Ideally  the  phosphor  particles  would  be  at  the 
nano-scale. 

We  were  unable  to  find  a  commercial  vendor  for  nanoparticle  yellow  phosphor,  so  we 
synthesized  a  nanoscale  YAG:Ce^^  phosphor  following  a  published  recipe  (“The  crystal 
structiue  and  spectra  of  nano-scale  YAG:Ce^^,”  Qian  Li,  Lian  Gao,  and  Dongsheng  Yan, 
Materials  Chemistry  and  Physics,  64  (2000)  41).  In  brief: 

Nanoscale  powders  of  cerium-doped  yttrium  aluminum  garnet  (YAG 
(Y3Al50i2):Ce^^)  were  prepared  by  a  gel-based  synthesis.  Appropriate  ratios  of  the 
metal  nitrates  (0.1  MAI,  0.06  MY,  0.001  MCe)  were  dissolved  in  a  citric  acid- 
stabilized  solution  of  acrylamide  monomer  (6%)  and  crosslinker  (2%).  Polymeriza¬ 
tion  was  initiated  with  ammonium  persulfate  at  80°C,  leading  to  the  formation  of  a 
turbid,  slightly-elastic  gel,  that  was  placed  in  an  open  alumina  crucible  in  a  tube  fur¬ 
nace,  and  heated  at  2°C  /min  in  air  to  an  ultimate  temperature  of  900°C.  The 
temperature  was  maintained  at  900°  C  for  2  hours,  and  then  cooled  to  room  tem¬ 
perature.  The  resulting  pale  yellow  nanopowder  was  obtained  in  83%  3deld. 
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We  found  that  the  resultant  nano-scale  phosphor  showed  poor  quantum  efficiency  com¬ 
pared  to  commercial  yellow  phosphors,  which  are  micron  scale  in  size.  We  did  not 
pursue  this  approach  further. 


Approach  3 

The  third  approach  is  to  co-deposit  sub-micron  particles  of  a  crystalline  phosphor 
other  than  Ce:YAG.  The  idea  is  to  find  a  phosphor  with  superior  properties  such  as  a 
higher  excitation  cross-section,  higher  doping  solubility,  higher  quantum  efficiency,  or 
better  optical  or  mechanical  properties  for  embedding  in  an  alumina  coating.  A  review  of 
the  literature  found  two  candidates-a  SiAlON  host  matrix  doped  with  Eu^^,  and 
Eu'^^:Sr2Si04.  We  were  unable  to  locate  a  vendor  so  this  approach  was  not  pursued. 


Task  4.  Investigate  techniques  to  improve  the  external  quantum  efficiency  of  LEDs 
The  results  from  this  task  are  found  in  a  PowerPoint  presentation  in  Appendix  B. 


Appendix  A  Report  by  consultant  Dr.  Krupke 

SAIC  LED  Phosphor  Report  Section:  Alternative  phosphor  implementations 

Rev  2. 

Approach  1.  Direct  ion  doping  of  alumina  films  for  yellow  phosphor  functionality. 

A  first  alternative  phosphor  implementation  is  the  possibility  of  directly  doping  the 
amorphous  alumina  film  with  ions  capable  of  efficiently  absorbing  -460  nm  blue  light 
generated  by  the  LED,  and  efficiently  converting  the  absorb  energy  into  nominally  -580 
nm  yellow  light,  thereby  producing  a  white  light  output  similar  in  character  to  a  conven¬ 
tional  white  light  LED  employing  a  conventional  Ce^"^  doped  YAG  phosphor.  The 
demand  absorption  and  emission  wavelengths,  and  desired  alumina  film  thickness  of  5-10 
microns,  places  rather  restrictive  spectroscopic  criteria  on  candidate  dopant  ions.  Key  cri¬ 
teria  are  listed  in  Table  Al. 


Table  A  1.1 

Nominal  spectroscopic  criteria  for  color  conversion  ions  doped  into  alumina. 

parameter 

value  (range) 

unit 

^a,p 

peak  absorption  transition  wavelength 

450-470 

nm 

Ota.p 

peak  absorption  coefficient* 

>1000 

cm'' 

AX 

absorption  transition  halfwidth** 

>10 

nm 

'^a,p 

peak  absorption  transition  cross-section*** 

lO-'^-lO'" 

cm"^ 

P 

ion  doping  density*** 

cm''' 

Xe,p 

peak  emission  transition  wavelength 

570-590 

nm 

_ _ 

radiative  emission  efficiency 

>50 

% 

*  provides  a  peak  absorbance  of  unity  (one  e-folding)  in  a  10  micron  thick  film. 

**  match  or  exceed  LED  blue  emission  spectral  width  (-10  nm  FWHM). 

***product  of  peak  transition  cross-section  and  ion  density  equals  1000  cm''. 

The  rather  high  value  of  peak  absorptivity,  aa,p  >1000  cm'',  is  necessary  to  ensure  a  rea¬ 
sonably  high  absorbed  fraction  of  LED  blue  light  upon  passing  through  the  -10  micron 
thick  alumina  film.  Since 


ota.p  =  pCTa.p  =  1000  cm''  (1) 

the  peak  transition  absorption  cross-section  determines  the  doping  density  that  must  be 
incorporated  into  the  film  (implicitly,  it  is  also  requires  that,  at  that  concentration,  the 
fluorescence  efficiency  of  the  ion  remains  usefully  high).  Since  the  mean  substitutional 
cation  site  density  in  alumina  is  -2  x  1 0  cm'  ,  and  fluorescing  ions  are  generally  self- 
quenched  when  doped  into  dielectric  host  media  at  a  concentrations  of  several  tens  of 
percent,  it  is  reasonable  to  restrict  the  maximum  anticipated  ion  doping  density  to  <~10^' 
cm'^.  From  Eq.  (1)  this  restricts  the  peak  absorption  transition  cross-section  to  no  less 
than  10''^  cm^.  An  ion  with  a  peak  absorption  transition  cross-section  as  high  as  10''^  cm^ 
would  lower  the  needed  doping  ion  concentration  to  10^"  cm'^,  or  -  a  few  atomic  cation 
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percentage  of  the  host  film.  Such  a  lower  doping  is  considerably  less  likely  to  alter  the 
desired  protective  mechanical  and  thermal  properties  of  the  alumina  film. 

The  third  restriction  listed  in  Table  Al,  namely,  the  >10  nm  spectral  halfwidth  of  the  ion 
absorption  feature  (matching  or  exceeding  the  ~10  nm  spectral  emission  bandwidth  typi¬ 
cal  of  blue  LEDs),  further  restricts  the  type  of  electronic  transitions  employed  and 
candidate  dopant  ions.  This  restriction  is  expressed  [1]  by  the  relationship  for  electric  di¬ 
pole  transitions  of  an  ion  embedded  in  a  dielectric  solid  with  an  index  of  refraction,  n: 

aa,p  [cm^]  =  10'^  f  >.[cm]^  (12  tt  c  n^  (gu/gi)  A^[nm]}''  (2) 

where  aa,p  [cm^]  is  the  peak  absorption  cross-section  of  the  transition  with  wavelength 
A,[cm],  f  is  the  transition  oscillator  strength,  gu,  gi  are  respectively,  the  degeneracies  of  the 
upper  and  lower  energy  levels  of  the  transition,  AA.[nm]is  the  absorption  transition 
linewidth,  and  c[cm/sec]  is  the  speed  of  light. 

The  oscillator  strength,  f,  is  determined  by  the  parity  of  the  wavefrinctions  of  the  initial 
and  final  electronic  levels  involved  in  the  transition,  and  their  spatial  extensions  in  the 
host  material.  Many  ions  are  known  to  absorb  in  the  near  UV  and  deep  blue  spectral  re¬ 
gion,  and  to  fluoresce  in  the  visible,  when  doped  in  dielectric  solid.  Rare  earth  ions  such  a 
Ce^^  and  absorb  and  emit  in  parity  allowed  f-d  transitions,  while  many  other  triva- 
lent  rare  earth  ions  absorb  and  emit  in  parity  forbidden  f-f  transitions.  Similarly,  most 
transition  metal  ions  that  fluoresce  do  so  in  parity-forbidden  d-d  transitions.  Although 
strictly  forbidden  in  the  free  ion,  such  transitions  become  partially  allowed  when  the  ion 
is  embedded  in  a  dielectric  solid  as  a  result  of  configuration  parity  mixing  by  the  host 
medium  ligand  fields.  Extensive  spectroscopic  studies  of  electronic  transitions  of  transi- 
tion  metal  ions  (TM  ’  )  and  rare  earth  ions  (RE  ’  )  in  dielectric  solids  manifest  the 
typical  transition  oscillator  strengths  listed  in  Table  A2.  Using  Eq.  (2),  typical  peak  ab¬ 
sorption  cross-sections  are  estimated  and  also  listed  in  Table  A2. 


Table  A2.  Typical  oscillator  strengths  of  visible  transitions  of  ions  in  dielectric  solids 


ion  type 

type 

f-range 

Bandwidth,  nm 

typical  peak  absorption,  cm"' 

rare  earth 

f-d 

o 

1 

q 

40 

lO'*''-  lO'^** 

rare  earth 

f-f 

IQ-'-lO'*’ 

1 

10'"'-  lO'^" 

transition 

d-d 

lO'ClO'^ 

40 

lO'*''-  lO’'*" 

*assumes  a  transition  wavelength  of  460  nm  in  a  medium  with  refractive  index  n  =  1.6 


Clearly,  from  oscillator  strength  data  of  Table  A2  combined  with  the  spectroscopic  re¬ 
strictions  of  Table  Al,  as  a  class  target  ions  are  rare  earth  ions  with  f-d  transitions  and  d- 
d-  transitions  of  the  transition  metal  ions.  The  rare  earth  ions  with  weaker  f-f-  transitions, 
although  manifesting  excellent  fluorescence  properties,  cannot  be  utilized  in  the  present 
application  because  of  the  small  film  thickness  to  be  utilized. 


Because  the  d-electrons  of  both  the  rare  earth  ions  and  the  transition  metal  ions  interact 
strongly  with  the  ligands  of  a  dielectric  host,  the  absorption  and  emission  transition  wave¬ 
lengths  will  vary  substantially  with  dielectric  host  composition  and  structure.  The  energy 
separations  between  the  4f  and  4f''3d'  configurations  of  the  trivalent  and  divalent  rare 
earth  ions  have  been  reported  by  Dieke  [3],  and  the  splitting  and  shifting  of  the  lowest 
lying  (longest  wavelength  absorption  and  emission  f-d  transitions  of  Ce^"^  and  Eu^^  ions 
in  various  dielectric  solids  has  been  extensively  reported  by  Dembros  [4-7].  Sugano  et.  al. 
have  reviewed  the  3d"  electronic  energy  levels  of  transition  metal  ions  in  dielectric  solids 
and  the  characteristics  of  electronic  transitions  in  dielectric  solids  [8], 

Based  on  available  spectroscopic  literature,  only  two  rare  earth  ions  possessing  f-d  transi¬ 
tions  survive  as  plausible  candidate  ions  that  may  meet  the  full  set  of  restricted  values 
discussed  above.  These  are  listed  in  Table  A3. 

Table  A3.  Candidate  dopant  ions  for  a  thin  film  alumina  phosphor. 


Ion  type 

Ion  (valance) 

Configurations 

rare  earth  metal 

Ce'" 

4f‘-4P3d' 

rare  earth  metal 

Eu"^ 

4f-4f'3d' 

Note  that  none  of  the  transition  metal  ions  known  to  fluoresce  in  an  alumina  environment 
possess  appropriate  absorption  and  emission  features  required  for  present  purposes.  Re¬ 
garding  the  specific  rare  earth  ions  listed  in  Table  A3,  in  addition  to  possessing 
potentially  adequately  strong  transitions  located  in  the  required  spectral  region,  incorpo¬ 
ration  of  adequately  high  ion  concentrations  in  alumina  films  must  be  feasible  with 
adequate  purity  of  ion  valence  state  under  film  deposition  conditions.  Further,  the  ions 
must  manifest  useful  fluorescence  efficiency. 

Given  that  the  Ce^^  has  been  widely  utilized  to  produce  broadband  green-yellow  emission 
in  garnet  crystals  we  first  consider  its  use  as  a  dopant  in  alumina  films.  The  incorporation 
of  trivalent  rare  earth  ions  in  alumina  has  been  studied  most  extensively  in  recent  years 
using  erbium,  Er^^,  ions  as  the  dopant  ion.  Interest  has  centered  on  producing  1550  nm 
emission  in  alumina  single  crystals  (sapphire)  and  in  amorphous  alumina  thin  films.  Be¬ 
cause  trivalent  rare  earth  ions  strongly  prefer  oxygen  coordination  numbers  >6  (and  as 
high  as  9  or  10),  direct  substitution  in  Al  lattice  sites  of  sapphire  is  difficult  because  the 
Al  sites  are  6-fold  coordinated,  and  the  Ce^^  radius  (1 .03  A)  is  much  larger  that  the  AP"^ 
radius  (0.53  A).  Nonetheless,  substantial  concentrations  of  RE^^  in  alumina  have  been 
realized  using  several  synthesis  routes,  including  ion  implantation  followed  by  annealing 
[9],  sol  gel  synthesis  [10],  and  combustion  synthesis  [11].  Using  these  methods,  RE  ion 
concentrations  in  excess  of  10^*^  cm'^  have  been  reported,  especially  in  amorphous  thin 
films  wherein  the  oxygen  coordination  number  can  exceed  6.  Turning  specifically  to 
Ce^”^,  the  limited  spectroscopic  data  for  Ce^"^  ions  in  alumina  [12,  13]  places  the  lowest- 
lying  f-d  absorption  feature  at  wavelength  of  ~300  nm,  and  emission  in  the  near  ultravio¬ 
let  -386  nm,  consistent  with  the  large  bandgap  of  alumina.  Thus  Ce^"^  ion  in  alumina  fails 
to  meet  the  requirements  set  out  in  Table  Al.  The  Eu^"^  ions  doped  into  various  types  of 
crystals  are  known  to  produce  broadband  blue,  green,  yellow,  orange  and  red  fluores- 
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cence  [7],  In  general,  the  more  covalent  bonding  of  oxygen-containing  crystals  might  be 
expected  to  shift  to  the  red  the  transitions  responsible  for  ion  absorption  and  emis¬ 
sion  transition  observed  in  fluorides.  Jaffe  [14]  reports  for  an  absorption  peak 

at  a  wavelength  of  380  nm  and  an  emission  peak  at  a  wavelength  of  480  nm.  Thus  the 
Eu^"^  ion  in  alumina  fails  to  meet  the  requirement  set  out  in  Table  Al. 

As  summarized  in  Table  Al,  we  have  identified  no  ion  candidates  for  direct  incorporation 
in  alumina  films  that  meet  the  necessary  criteria  for  a  practical  alumina  phosphor  that  ef¬ 
ficient  emits  yellow  radiation  when  excited  by  blue  LED  emission. 

Table  A4.  Assessment  candidate  dopant  ions  for  a  yellow  alumina  phosphor. 


Ion 

Comment 

Ce'" 

absorption  feature  too  far  in  the  ultraviolet;  no  emission  reported  in  alumina 

Eu^" 

stabilization  of  divalent  state  unreported  in  alumina 

TM""’'" 

no  fluorescing  ions  in  the  yellow  spectral  region 

Approach  2.  Embedding  Ce:YAG  phosphor  particles  in  alumina  thin  fdms. 

A  second  alternative  phosphor  implementation  is  to  co-deposit  Ce:YAG  blue  absorbing- 
yellow  emitting  phosphor  particles  and  embed  them  in  the  alumina  film.  There  are  prece¬ 
dents  for  this  type  of  active  particle  implementation  in  thin  films  [15].  Since  an  alumina 
film  in  the  5-10  pm  thickness  range  is  desired,  the  Ce:YAG  (or  other)  phosphor  particles 
should  have  a  mean  diameter  that  is  a  small  fi'action  of  this  physical  thickness,  say  < 

1pm,  and  possibly  as  small  as  100  nm.  In  order  to  maintain  the  same  absorbance  for  blue 
light  in  this  composite  film  as  achieved  in  the  thicker  (~25  pm)  conventional  Ce:YAG 
phosphor  coating,  it  will  be  necessary  to  increase  the  concentration  of  Ce^^  ions  in  the 
YAG  crystalline  phosphor  several-fold  above  that  utilized  in  conventional  Ce:YAG 
phosphor  powders.  Figure  1  shows  the  lowest  lying  4f'-4f^5d’  blue  absorption  transition 
of  Ce^"^  in  YAG  [16].  The  peak  blue  excitation  transition  cross-section  of  Ce^"^  in  YAG  is 
0.7  X  10"'*  cm  ^  and  its  spectral  bandwidth  is  40  nm.  A  peak  absorption  coefficient  of 
1000  cm''  therefore  requires  a  Ce^^  ion  density  1.3  x  10^'  ion/cc,  or  about  7  atomic  per¬ 
cent.  Because  of  the  larger  atomic  radius  of  the  Ce^'''  ion  (1 .03  A)  compared  to  that  of  the 
Y^"^  ion  it  replaces  (0.89  A)  in  the  YAG  lattice,  the  distribution  coefficient  of  Ce'^'^  ions  in 
YAG  is  fairly  small  (<0.2),  so  that  the  achievable  Ce  doping  concentration  in  YAG  de¬ 
pends  sensitively  on  the  kinetic  pathway  (synthesis  process)  chosen  to  prepare  the  doped 
sub-micron  powders.  Also,  it  will  be  necessary  limit  the  doping  concentration  of  Ce^^ 
ions  in  YAG  to  avoid  any  significant  self-quenching  effect.  Given  the  recent  interest  in 
the  use  of  Ce:YAG  phosphor  powders  for  use  in  white  light  LEDs,  there  is  now  an  exten¬ 
sive  literature  describing  the  preparation  and  spectroscopic  characteristics  of  Ce:YAG 
powders  produced  by  a  variety  of  methods  [17-23].  This  literature  suggests  that  sub¬ 
micron  sized  Ce  doped  YAG  particles  can  be  successfully  prepared. 


Figure  Al.  Lower  lying  4f‘ -4f^5d'  blue  absorption  transitions  of  Ce^"^  in  YAG  [16].  Ce^"^ 
ion  concentration  in  crystal  =  1.77  x  10^°  ions/cc  (1.28%  of  sites  in  YAG). 

Approach  3.  Embedding  other  blue-absorbing,  yellow-emitting  phosphor  particles 
in  alumina  thin  films. 

A  third  phosphor  implementation  alternative  is  to  co-deposit  sub-micron  particles  of  a 
crystalline  phosphor  other  than  Ce-YAG,  possessing  superior  conversion  characteristics 
for  the  production  of  alumina-coated  white  LEDs.  The  sought  superiority  might  appear  in 
one  or  more  forms:  1)  higher  blue  transition  excitation  cross-section  (requiring  a  lower 
doping  density  to  achieve  an  effective  thin  film  absorption  coefficient  of  1000  cm’’);  2) 
higher  doping  solubility  in  the  dielectric  host  matrix;  3)  higher  quantum  efficiency  for 
emission  in  the  yellow  spectral  region;  4)  better  crystalline  morphology,  optical,  and  me¬ 
chanical  characteristics  for  embedding  in  alumina  thin  films.  A  review  of  the  phosphor 
literature  [24-26]  coupled  with  the  rather  restrictive  conditions  of  Table  Al,  greatly  limit 
the  prospects  for  such  an  alternative  phosphor  (to  Ce:YAG).  However,  a  recent  report  by 
Swakumma,  et.  al.  [27]  indicates  a  SiAlON  host  matrix  doped  with  divalent  europium, 
Eu^^  is  a  promising  candidate  for  this  purpose.  Figure  2  shows  the  absorption  and  emis¬ 
sion  spectra  of  Eu2^  doped  SiAlON.  The  peak  absorption  cross-section  in  the  blue 
spectral  region  was  not  reported,  and  will  have  to  be  determined  in  future  work.  Several 
papers  have  been  published  on  the  preparation  of  luminescent  SiAlON  phosphor  powders 
[28-30],  and  will  be  drawn  Upon  in  the  present  work. 
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Figure  A2.  Excitation  and  emission  spectra  of  the  yellowish  orange  Ca:Eu:SiA10N  phos¬ 
phor  [27],  The  excitation  wavelength  is  450  nm  for  the  emission  spectrum,  and  the 
emission  monitoring  wavelength  is  585  nm  for  the  excitation  spectrum. 

A  second  Eu^"^  doped  blue-absorbing,  yellow-emitting  phosphor  of  potential  utility  in  the 
present  application  is  Eu^'^:Sr2Si04  [31],  and  will  also  be  further  examined. 
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Total  source  etendue  versus  available  source  etendue 
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Micro-optics  design  H03:  total  efficiency  versus  angle 
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Micro-optics  design  H03:  renorm,  efficiency  vs.  concentration 
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Cross  section  of  design  R02 
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Three-dimensional  representation  of  design  R02 


Three-dimensional  representation  of  design  R02  (different  view) 


Total  source  etendue  versus  available  source  etendue 


(U 

s 

E 

V) 

QJ 

O 


JC 

QJ 

"O 

fi 


CQ 

a> 

0^ 


m 


"d 

<u 

42 

o 


d 

u 

d 

o 

</) 

(4-N 

o 


00 


a> 

;n 

d 

<u 

<u 

ij 

e 

d 

C<3 

'o 

I 


d 

o 

CM 


d 


Q 


0^ 

c> 

u 

d 

o 

CM 

o 

n 

fs 

ri 

a\ 

'S 

o 

o 

(Z) 


<u 

a> 


'o 

CJ 

• 

OX) 

d 

S 

•pp 

QJ 

i3 

pfi 

*E 

'W 

> 

d 

d 

o 

S-i 

•  1^ 

d 

d 

•N 

QJ 

'♦■» 

o 

d 

u 

CM 

a> 

pQ 

d 

S 

'd 

d 

kQJ 

u 

CM 


o^ 


•  • 


<a> 

d 


d 

a> 

<QJ 


OJ 

o 

d 

o 

CM 


pjQ 

p3 

•p^ 


> 


(pseudo-color  contour  plot) 


(po)  A}|sue)U| 


Angle  (deg) 


SAIC  Proprietary 

Micro-optics  design  R02:  radial  intensity  distribution 
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Three-dimensional  representation  of  design  M02 
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Three-dimensional  representation  of  design  M02  (different  view) 
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Total  source  etendue  versus  available  source  etendue 
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Efficiency  values  compensated  for  refractive-index  differences 
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Aspect  ratios  (length  to  diameter)  of  micro-optics  designs 
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Using  symmetry  breaking  and  global  optimization  we  have  demonstrated  that  micro¬ 
optics  lens  designs  can  achieve  a  highly  efficient  pre-compression  of  the  light  output 
of  an  LED  with  a  geometry  that  is  no  more  intrusive  than  a  conventional  encapsulant 
dome. 


Optical  performance  of  encapsulant  dome 
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Encapsulant  dome  DM0:  intensity  distribution 
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Encapsulant  dome  DM0:  intensity  profiles 
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Encapsulant  dome  DM0:  renormalized  efficiency  versus  angle 
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Encapsulant  dome  DM0:  concentration  versus  angle 
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Encapsulant  dome  DM0:  total  efficiency  versus  concentration 
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Encapsulant  dome  DM0:  renorm,  efficiency  vs.  concentration 
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Encapsulant  dome  DM0:  radial  intensity  distribution 
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